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We study the structure of heavy quark spin (HQS) multiplets for heavy meson-baryon molecular
states in a coupled system of P¯ (∗)Σ(∗)Q , with constructing the one-pion exchange potential with S-
wave orbital angular momentum. Using the light cloud spin basis, we find that there are four types of
HQS multiplets classified by the structure of heavy quark spin and light cloud spin. The multiplets
which have attractive potential are determined by the sign of the coupling constant for the heavy
meson-pion interactions. Furthermore, the difference in the structure of light cloud spin gives the
restrictions of the decay channel, which implies that the partial decay width has the information
for the structure of HQS multiplets. This behavior is more likely to appear in hidden-bottom sector
than in hidden-charm sector.
I. INTRODUCTION
The exotic hadrons are the very interesting research
subjects in hadron and nuclear physics. In 2015, the
Large Hadron Collider beauty experiment (LHCb) col-
laboration announced the observation of two hidden-
charm pentaquarks, P+c (4380) and P
+
c (4450), in the de-
cay of Λ0b → J/ψK−p [1–3]. Their masses are M4380 =
4380± 8± 28 MeV and M4450 = 4449.8± 1.7± 2.5 MeV,
and decay widths are Γ4380 = 205 ± 18 ± 86 MeV and
Γ4450 = 39 ± 5 ± 19 MeV. The spin and parity JP of
them are not well determined. The one state is J = 3/2
and the other state is J = 5/2 and they have opposite
parity.
Before the LHCb observation, some theoretical studies
of hidden-charm pentaquarks were done [4–7]. After the
LHCb announcement, there are many analyses based on
the hadronic molecular state [8–24], compact pentaquark
state [25–33], quark-cluster model [34], baryocharmo-
nium model [35], hadroquarkonia model [36], topologial
soliton model [37], and meson-baryon molecules coupled
with five-quark states [38]. The kinematical rescattering
effects are also discussed in Refs. [39–43].
There are many theoretical descriptions for P+c pen-
taquarks. Among those pictures, the hadronic molecular
one has been used for several other exotic hadrons, espe-
cially near the thresholds. For example, since the mass
of X(3872) is close to the DD¯∗ threshold, X(3872) in-
cludes the DD¯∗ molecule structure [44]. The masses of
P+c (4380) and P
+
c (4450) are slightly below the thresholds
of D¯Σ∗c and D¯
∗Σc, respectively. They can be considered
as the loosely bound state of heavy meson and heavy
baryon.
Charm quarks are included in P+c pentaquarks. The
masses of the heavy quarks, charm and bottom, are
much larger than the typical scale of low energy QCD,
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ΛQCD ∼ 200MeV. For the heavy quark region, there is
a characteristic property in the quark interaction. The
spin dependent interaction of the heavy quark is sup-
pressed by the inverse of the heavy quark mass, 1/mQ.
By this suppression, heavy quark spin symmetry (HQS)
is appeared in the heavy quark limit [45–49]. As a result,
we can decompose the total spin ~J to heavy quark spin
~S and the other spin ~j :
~J = ~S +~j . (1)
The total spin is conserved and heavy quark spin is also
conserved in the heavy quark limit because of the sup-
pression of the spin dependent force. Thus the other
spin part is also conserved. This conservation leads to
the mass degeneracy of heavy hadrons. Let us consider
the heavy meson qQ¯ with a light quark q and a heavy
quark Q. For j ≥ 1/2, there are two degenerate states
with total spin
J± = j ± 1/2 . (2)
These two states are called HQS doulblet. There is only
J = 1/2 state for j = 0, hence it is called HQS singlet.
Such HQS multiplet structure is seen in the charm and
bottom hadron mass spectrum. For example, the small
mass difference is obtained between the heavy-light pseu-
doscalar (J = 0) and vector (J = 1) mesons, 140 MeV
between D and D∗, and 45 MeV between B and B∗.
These mass splittings are much smaller than those in the
light quark sectors, 600 MeV between pi and ρ, and 400
MeV between K and K∗. This observation indicates that
the approximate heavy quark spin symmetry is realized
in the charm and bottom quark sectors, and these two
mesons with J = 0, 1 belong to the HQS doublet having
the heavy spin S = 1/2 and the other spin j = 1/2.
The approximate mass degeneracy is also observed in
the heavy-light baryons. The mass splitting between Σc
(J = 1/2) and Σ∗c (J = 3/2) (Σb and Σ
∗
b) is about 65
MeV (20 MeV). They are the HQS doublet state with
the heavy spin S = 1/2 and the other spin j = 1. On the
other hand, the heavy-light baryons Λc and Λb with the
light diquark spin 0 are a HQS singlet state.
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2In this paper, we study the structure of HQS multiplets
of QQ¯qqq-type pentaquarks regarding them as molecular
states of P¯ (∗)Σ(∗)Q . Here, P¯
(∗) means a HQS doublet me-
son with an anti-heavy quark like D¯(B) and D¯∗(B∗) and
Σ
(∗)
Q stands for a HQS doublet baryon with a heavy quark
like Σc(Σb) and Σ
∗
c(Σ
∗
b) .
The HQS doublet structures of P¯ (∗) meson and Σ(∗)Q
baryon which have one heavy quark are well known. HQS
multiplet structure of P¯ (∗)N molecular state with a single
heavy quark is discussed in Refs. [50–52]. They showed
that the degeneracy of j±1/2 states can be expanded to
multi-hadron system. In this paper, we study the HQS
multiplet structure of Pc-like pentaquarks as a doubly
heavy quarks system. The appearance of the HQS mul-
tiplet for P¯ (∗)Σ(∗)Q molecules is demonstrated by intro-
ducing the one pion exchange potential (OPEP) which
is derived from the heavy hadron effective theory re-
specting the heavy quark symmetry. We focus on the
P¯ (∗)Σ(∗)Q molecules with S-wave orbital angular momen-
tum for simplicity. The effect of tensor force by the S-D
mixing is important for OPEP. However, we do not in-
clude D-wave states complicating the system because the
S-wave channel is enough to see the spin decomposition
to the heavy quark spin and the other spin of the P¯ (∗)Σ(∗)Q
molecules. Our purpose in this paper is to demonstrate
the HQS multiplet of P¯ (∗)Σ(∗)Q . Thus, we study the sim-
ple S-wave case in the present study. Since the heavy
quark spin and the other spin are separately conserved by
the heavy quark spin symmetry, the heavy meson-baryon
molecular basis is not suitable to discuss the structure of
HQS multiplet. It is convenient to deal with the corre-
sponding spin structure with appropriate basis. Thus,
we define the light cloud spin (LCS) basis as a suitable
basis to study the HQS multiplet structure and discuss
that what types of HQS multiplets can exist under the
OPEP.
This paper is organized as follows. In Sec.II, we con-
struct the one-pion exchange potential in the hadronic
molecular (HM) basis. The basis transformation from
the HM basis to the LCS basis is discussed in Sec.III. We
show the numerical result in Sec.IV. Finally, we sum-
marize the work in this paper and discuss the result in
Sec.V.
II. POTENTIAL
In this section, we construct the OPEP for P¯ (∗)Σ(∗)Q
molecular states based on the heavy quark symmetry and
the chiral symmetry. The P¯ (∗) mesons and pion interac-
tion Lagrangian is given by [53–57]
LHHpi = gTr
[
H¯Hγµγ5A
µ
]
. (3)
The heavy meson doublet field H is
H =
1 + v/
2
[
P ∗µγ
µ + iPγ5
]
. (4)
P and P ∗ are pseudoscalar meson and vector meson fields
in the HQS doublet. The axial vector current for the pion
is given by
Aµ =
i
2
(
ξ†∂µξ − ξ∂µξ†
)
, (5)
where ξ = exp(ipˆi/
√
2fpi). The pion decay constant is
fpi = 92.4 MeV and the pion field pˆi is defined by
pˆi =
(
pi0/
√
2 pi+
pi− −pi0/√2
)
. (6)
The coupling constant g is determined as |g| = 0.59 from
the decay of D∗ → Dpi[59].
The Σ
(∗)
Q baryons and pion interaction Lagrangian is
given by [56, 58]
LBBpi = 3
2
g1ivσ
µνρσTr
[
S¯µAνSρ
]
. (7)
The superfield Sµ for ΣQ and Σ
∗
Q is represented as
Sµ = Σˆ
∗
Qµ −
√
1
3
(γµ + vµ) γ5ΣˆQ . (8)
The heavy baryon fields Σˆ
(∗)
Q(µ) are defined by
Σˆ
(∗)
Q(µ) =
(
Σ
(∗)++
Q(µ)
1√
2
Σ
(∗)+
Q(µ)
1√
2
Σ
(∗)+
Q(µ) Σ
(∗)0
Q(µ)
)
. (9)
ΣQ and Σ
∗
Qµ are spin 1/2 and 3/2 baryon fields in the
HQS doublet. For the coupling constant g1, we use g1 =
(
√
8/3)g4 and g4 = 0.999 estimated in Ref. [58]. The
coupling g4 is determined by the decay of Σ
∗
c → Λcpi and
its sign follows the quark model estimation.
We construct the one pion exchange potential using
the above Lagrangians. At each vertex, we introduce a
cutoff parameter Λ via the monopole type form factor
F (q) =
Λ2 −m2pi
Λ2 + |~q|2 , (10)
where mpi is a mass of the exchanging pion, and ~q is
its momentum. We use the same cutoff for P¯ (∗)P¯ (∗)pi
and Σ
(∗)
Q Σ
(∗)
Q pi vertices for simplicity, and fix the value of
cutoff 1000 MeV and 1500 MeV.
In the present analysis, we concentrate on the S-wave
P¯ (∗)Σ(∗)Q molecular states to clarify their HQS multiplet
structures. In the Hadronic Molecule (HM) basis, the
spin structures of molecular states are described by the
product of meson-baryon spins. Then, the possible spins
of the P¯ (∗)Σ(∗)Q states are
P¯ΣQ =
[
Q¯q
]
0
⊗ [Q[d]1]1/2 =
1
2
, (11)
P¯Σ∗Q =
[
Q¯q
]
0
⊗ [Q[d]1]3/2 =
3
2
, (12)
3P¯ ∗ΣQ =
[
Q¯q
]
1
⊗ [Q[d]1]1/2 =
1
2
⊕ 3
2
, (13)
P¯ ∗Σ∗Q =
[
Q¯q
]
1
⊗ [Q[d]1]3/2 =
1
2
⊕ 3
2
⊕ 5
2
, (14)
where Q, Q¯, q and d stand for a heavy quark, heavy
antiquark, light quark and diquark in Σ
(∗)
Q baryon, re-
spectively, and the index j of [α]j means the spin of α.
The wavefunctions and OPEPs for each spin state are
ψHM1/2− =

∣∣P¯ΣQ〉1/2−∣∣P¯ ∗ΣQ〉1/2−∣∣P¯ ∗Σ∗Q〉1/2−
 , (15)
V HMpi,1/2−(r) =
gg1
f2pi
 0 −
1√
3
1√
6
− 1√
3
2
3
1
3
√
2
1√
6
1
3
√
2
5
6
Cpi(r) , (16)
ψHM3/2− =

∣∣P¯Σ∗Q〉3/2−∣∣P¯ ∗ΣQ〉3/2−∣∣P¯ ∗Σ∗Q〉3/2−
 , (17)
V HMpi,3/2−(r) =
gg1
f2pi
 0 −
1
2
√
3
− 5
2
√
15
− 1
2
√
3
− 13 56√5
− 5
2
√
15
5
6
√
5
1
3
Cpi(r) ,
(18)
ψHM5/2− =
( ∣∣P¯ ∗Σ∗Q〉5/2− ) , (19)
V HMpi,5/2−(r) = −
gg1
2f2pi
Cpi(r) . (20)
The function Cpi(r) is defined as
Cpi(r) =
m2pi
4pi
[
e−mpir − e−Λr
r
− Λ
2 −m2pi
2Λ
e−Λr
]
. (21)
It should be noted that we subtract the contact terms
from the potential.
III. HQS MULTIPLET STRUCTURE OF P¯ (∗)Σ(∗)Q
We construct the OPEP for HM base in Sec.II. How-
ever it is inconvenient to see the structure of HQS multi-
plet. In this section, we introduce the Light Cloud Spin
(LCS) basis, where the spin structure of QQ¯qd states
is divided into the heavy quark spin [QQ¯]S and light
cloud spin [q[d]1]j . It is a natural spin description in
the heavy hadron systems, because heavy quark spin and
light cloud spin are separately conserved in heavy quark
effective theory.
Here, we treat the HQS structure of doubly heavy sys-
tem in the following manner: The pentaquark as a bound
state of P¯ (∗) and Σ(∗)Q is labeled by the velocity v of the
pentaquark. It is natural to assume that both P¯ (∗) and
Σ
(∗)
Q have the same velocity v.
The spin structures of P¯ (∗)Σ(∗)Q molecular states in LCS
basis are given by[
Q¯Q
]
0
⊗ [q[d]1]1/2 =
1
2
(singlet) , (22)[
Q¯Q
]
0
⊗ [q[d]1]3/2 =
3
2
(singlet) , (23)[
Q¯Q
]
1
⊗ [q[d]1]1/2 =
1
2
⊕ 3
2
(doublet) , (24)[
Q¯Q
]
1
⊗ [q[d]1]3/2 =
1
2
⊕ 3
2
⊕ 5
2
(triplet) . (25)
There are four types of HQS multiplets, spin 1/2 sin-
glet, spin 3/2 singlet, spin (1/2, 3/2) doublet and spin
(1/2, 3/2, 5/2) triplet which are classified by the heavy
quark spin S = 0, 1 and the light cloud spin j = 1/2, 3/2.
Using unitary transformation matrices, we translate
the basis from HM basis to LCS basis. For spin 1/2,
ψLCS1/2− = U
−1
1/2−ψ
HM
1/2−
=

∣∣∣[Q¯Q]
0
⊗ [q[d]1]1/2
〉singlet
1/2−∣∣∣[Q¯Q]
1
⊗ [q[d]1]1/2
〉doublet
1/2−∣∣∣[Q¯Q]
1
⊗ [q[d]1]3/2
〉triplet
1/2−
 , (26)
V LCSpi,1/2−(r) = U
−1
1/2−V
HM
1/2−U1/2−
=
gg1
f2pi
 1 0 00 1 0
0 0 − 12
Cpi(r) . (27)
For spin 3/2,
ψLCS3/2− = U
−1
3/2−ψ
HM
3/2−
=

∣∣∣[Q¯Q]
0
⊗ [q[d]1]3/2
〉singlet
3/2−∣∣∣[Q¯Q]
1
⊗ [q[d]1]1/2
〉doublet
3/2−∣∣∣[Q¯Q]
1
⊗ [q[d]1]3/2
〉triplet
3/2−
 , (28)
V LCSpi,3/2−(r) = U
−1
3/2−V
HM
3/2−U3/2−
=
gg1
f2pi
 − 12 0 00 1 0
0 0 − 12
Cpi(r) . (29)
For spin 5/2,
ψLCS5/2− = U
−1
5/2−ψ
HM
5/2−
=
( ∣∣∣[Q¯Q]
1
⊗ [q[d]1]3/2
〉triplet
5/2−
)
, (30)
4V LCSpi,5/2−(r) = U
−1
5/2−V
HM
5/2−U5/2−
= − gg1
2f2pi
Cpi(r) . (31)
Here, we call the components labeled by (singlet, dou-
blet, or triplet) of ψLCSJP as spin J (singlet, doublet, or
triplet) state. For instance, the first component of ψLCS1/2−
in Eq. (26), i.e.
∣∣∣[Q¯Q]
0
⊗ [q[d]1]1/2
〉singlet
1/2−
is called spin
1/2 singlet state. The transformation matrices deter-
mined by Clebsch-Gordan coefficient of spin reconstruc-
tion are given by
U1/2− =

1
2 − 12√3 2√6
− 1
2
√
3
5
6
2
3
√
2
2√
6
2
3
√
2
− 13
 , (32)
U3/2− =

1
2 − 1√3
√
15
6
− 1√
3
1
3
√
5
3√
15
6
√
5
3
1
6
 , (33)
U5/2− = 1 . (34)
The potential matrices in LCS basis are diagonalized
corresponding to the HQS multiplet components. We
find the particular values of the matrix elements of the
OPEP; +1 for
[
Q¯Q
]
0
⊗ [q[d]1]1/2 and
[
Q¯Q
]
1
⊗ [q[d]1]1/2,
and −2 for [Q¯Q]
0
⊗ [q[d]1]3/2 and
[
Q¯Q
]
1
⊗ [q[d]1]3/2.
Hence, these components play a different role, either an
attraction or a repulsion, depending on the whole sign of
the potential.
IV. NUMERICAL RESULT
Before solving coupled channel Schro¨dinger equations
under the LCS basis potential, let us discuss the sign
assignment of a coupling constant of the heavy meson-
pion interaction, |g| = 0.59 . In the usual case, its sign
is taken as plus following quark models. However, only
the absolute value is determined by the decay of D∗ →
Dpi [59], and the sign of g is not determined1.
This sign assignment is important in the present study.
For example, the coefficients of the HQS singlet and dou-
blet component are +1 in the spin 1/2 potential of LCS
basis in Eq. (27). Thus, these potentials play as a re-
pulsive one when we assign g = +0.59, but they are the
attractive potentials when we choose g = −0.59. On the
other hand, the HQS triplet with the coefficient −1/2
has the attractive potential for g = +0.59 and repulsive
1 It could be argued that the relative sign of g and g1 is not de-
termined.
FIG. 1. Attractive potential V (r) = − gg1
2f2pi
Cpi for Λ = 1000
(purple solid curve) and 1500 MeV (green dotted curve),
where g = 0.59, g1 = 0.942 and fpi = 92.4MeV.
potential for g = −0.59. It is to say that the sign of the
coupling constant (the interaction models in general) de-
termines which multiplets have the attractive potential.
We calculate the cases with both signs of g to study the
behavior of the attractive multiplets in this section.
A. Result in case of g = +0.59
When we assign as g = +0.59, the HQS multiplets
which have attractive potential are JP = 3/2− singlet
and JP = (1/2−, 3/2−, 5/2−) triplet. The potential is
written as
V (r) = − gg1
2f2pi
Cpi(r) , (35)
and we show it in Figure 1.
Firstly, we show the results obtained by solving the
Schro¨dinger equation with preserving the heavy quark
spin symmetry. We define the spin averaged mass for
P¯ (∗) mesons and Σ(∗)Q baryons as
MP¯ave =
MP¯ + 3MP¯∗
4
, (36)
MΣQave =
2MΣQ + 4MΣ∗Q
6
, (37)
to deal with the degeneracy of the HQS doublet me-
son and baryon, respectively. The masses of relevant
charmed and bottomed hadrons are shown in Table I.
The spin averaged reduced mass is defined as
µave =
MP¯aveMΣQave
MP¯ave +MΣQave
. (38)
When µave = 1.102, 1.474, 1.699 and 2.779 GeV, the
spin averaged masses of D¯(∗)Σ(∗)c , D¯(∗)Σ
(∗)
b , B
(∗)Σ(∗)c
and B(∗)Σ(∗)b are reproduced, respectively. We solve the
Schro¨dinger equation with keeping the heavy quark spin
5TABLE I. Masses of relevant charmed and bottomed
hadrons [59].
D¯ D¯∗ B B∗
Mass[MeV] 1867.21 2008.56 5279.48 5324.65
Σc Σ
∗
c Σb Σ
∗
b
Mass[MeV] 2453.54 2518.13 5813.4 5833.6
FIG. 2. Obtained binding energies for Λ = 1000 (purple solid
curve) and 1500 MeV (green dotted curve) with g = +0.59.
The energy is measured from the threshold of P¯aveΣQave. The
mass parameter µave is changed from 1GeV to 100GeV.
symmetry by changing the mass parameter µave from 1
GeV to 100 GeV. To obtain the bound state solutions,
we use Gaussian expansion method [60].
The results of Λ = 1000 and 1500 MeV are shown in
Figure 2. All four states, spin 3/2 singlet and spin (1/2,
3/2, 5/2) triplet, are degenerate because of the heavy
quark spin symmetry and their bound state solutions are
obtained for all range of µave.
Next, we show the results including the effect of the
heavy quark spin symmetry breaking. The breaking is
introduced by the nonzero mass difference between the
HQS multiplet, namely P¯ and P¯ ∗, and ΣQ and Σ∗Q
2. To
see the mass dependence of a binding energy, the heavy
hadron masses are parametrized as follows:
MP¯ = 2µ+
a
2µ
+
w
(2µ)2
, (39)
MP¯∗ = 2µ+
b
2µ
+
x
(2µ)2
, (40)
MΣQ = 2µ+
c
2µ
+
y
(2µ)2
, (41)
MΣ∗Q = 2µ+
d
2µ
+
z
(2µ)2
, (42)
2 The higher order terms of the effective Lagrangians also break
the heavy quark symmetry. However, we employ the leading
term of Lagrangians in this study.
where µ is a parameter corresponding to the reduced
mass of P¯ (∗)Σ(∗)Q state. The eight parameters of
a, b, c, d, w, x, y and z are fixed to reproduce the eight
hadron masses in Table I by taking µ = 1.102 (2.779) GeV
for charm (bottom) sector. The values of these parame-
ters are shown in Table II. Note that the charm (bottom)
hadron masses are reproduced when we take µ =1.102
(2.779) GeV, and the heavy quark spin symmetry is re-
stored as the mass parameter µ increases. The energies
obtained by solving the Schro¨dinger equations with the
effect of heavy quark spin symmetry breaking are shown
in Figure 3. The labels in Figure 3, e.g. Spin 1/2 triplet,
are named as being it at the heavy quark limit. For in-
stance, the solid line named as Spin 1/2 triplet displays
the energy of the state which becomes the spin 1/2 triplet
state at the heavy quark limit. We note that the com-
ponents belonging to the same JP state can be mixed in
the finite hadron mass region as shown later, while they
are not mixed at the heavy quark limit. The energies of
the D¯(∗)Σ(∗)c , D¯(∗)Σ
(∗)
b , B
(∗)Σ(∗)c and B(∗)Σ
(∗)
b states are
correspond to the values at µ = 1.102, 1.474, 1.699 and
2.779 GeV, respectively.
All four states are degenerate and the binding energy
is −13.7 MeV for Λ = 1000 MeV and −22.3 MeV for
Λ = 1500 MeV in heavy quark limit . As µ becomes
smaller, the degeneracy is solved. At µ = 1.102 GeV,
only two (three) states can be bound for Λ = 1000 MeV
(1500 MeV).
For the spin 1/2 and 3/2 states, each components is
completely separated in the heavy quark limit as shown
in Eqs. (27) and (29). In the finite heavy hadron mass
region, however, the kinetic term with the nonzero mass
splitting of the HQS multiplets gives a mixing of the HQS
singlet, doublet and triplet components. The percentage
of (singlet, doublet, triplet) components in wavefunctions
for Λ = 1000 MeV is shown in Table III. For µ ≥ 3 GeV,
each component is perfectly separated. These ratios are
hardly changed even in the case of Λ = 1500 MeV. We
can see that the effect of heavy quark spin symmetry
breaking is small.
B. Result in case of g = −0.59
In the case of g = −0.59 , the attractive multiplets are
JP = 1/2− singlet and JP = (1/2−, 3/2−) doublet. The
potential is written as
V (r) =
gg1
f2pi
Cpi(r) , (43)
and it is shown in Figure 4. This potential is twice deeper
than that of g = +0.59 , and therefore we expect that
the binding energy is larger.
As in the case of g = +0.59 , we show the result that
heavy quark spin symmetry is preserved in Figure 5 and
the result that it is broken in Figure 6, for g = −0.59 .
Figure 6 shows that all three states of spin 1/2 singlet
and (1/2, 3/2) doublet are degenerate in the heavy quark
6TABLE II. Values of parameters to include the effect of heavy quark spin symmetry breaking in Eqs.(39)-(42).
a[GeV2] b[GeV2] c[GeV2] d[GeV2] w[GeV3] x[GeV3] y[GeV3] z[GeV3]
-2.0798 -1.8685 1.9889 2.0814 2.9468 3.1677 -3.1729 -3.0629
TABLE III. Percentage of (singlet, doublet, triplet) components in wavefunctions of the spin 1/2 and 3/2 states in the case of
g = +0.59 and Λ = 1000 MeV.
µ[GeV] Spin 1/2 triplet Spin 3/2 triplet Spin 3/2 singlet
1 (0.8%, 0%, 99.2%) (1.6%, 0%, 98.4%) No bound state
2 (0%, 0%, 100%) (0.9%, 0%, 99.1%) No bound state
3 (0%, 0%, 100%) (0%, 0%, 100%) (100%, 0%, 0%)
FIG. 3. Energies of the P¯ (∗)Σ(∗)Q states with heavy quark
spin symmetry breaking effect, obtained for Λ = 1000 MeV
(the upper figure) and 1500 MeV (the lower figure) with
g = +0.59. These energies are measured from P¯ΣQ thresh-
old. The purple solid, green dotted and yellow dashed-dotted
curves are the energies of spin (1/2, 3/2, 5/2) triplet states re-
spectively and the light blue dashed curve is that of spin 3/2
singlet state. For the sake of reference, we show the result for
the case of keeping the heavy quark spin symmetry by the red
dashed-dotted-dotted curve (Common mass).
FIG. 4. Attractive potential V (r) = gg1
f2pi
Cpi for Λ = 1000 (pur-
ple solid curve) and 1500 MeV (green dotted curve), where
g = −0.59, g1 = 0.942 and fpi = 92.4MeV.
limit and the binding energy is −29.5 MeV for Λ = 1000
MeV and −48.1 MeV for Λ = 1500 MeV, which agree
with the binding energies in the heavy quark limit shown
in Figure 5. Unlike in the case of g = +0.59, all states are
bound even at µ = 1.102 GeV corresponding to D¯(∗)Σ(∗)c
state and their binding energies are a few MeV.
The mixing ratio of wavefunction components for Λ =
1000 MeV is shown in Table IV. The mixing ratio of the
minor components induced by the heavy quark symmetry
breaking effect is slightly larger than the case of g =
+0.59, however it is still small.
V. SUMMARY AND DISCUSSIONS
We showed that, in Sec. IV, the sign of a coupling
constant of the heavy meson-pion interaction determines
which multiplets have the attractive potential. In the
case of g = +0.59 , spin 3/2 HQS singlet and spin
(1/2, 3/2, 5/2) HQS triplet have the attractive potential.
On the other hand, in the case of g = −0.59 , spin 1/2
HQS singlet and spin (1/2, 3/2) HQS doublet have the
7TABLE IV. Percentage of (singlet, doublet, triplet) components in wavefunctions in the case of g = −0.59 and Λ = 1000 MeV.
µ[GeV] Spin 1/2 singlet Spin 1/2 doublet Spin 3/2 doublet
1 (3.9%, 96.1%, 0%) (96.5%, 3.4%, 0.1%) (0%, 99.9%, 0.1%)
2 (0.2%, 99.8%, 0%) (99.9%, 0.1%, 0%) (0%, 100%, 0%)
3 (0%, 100%, 0%) (100%, 0%, 0%) (0%, 100%, 0%)
FIG. 5. Obtained binding energies for Λ = 1000 (purple solid
curve) and 1500 MeV (green dotted curve) with g = −0.59.
The energy is measured from the threshold of P¯aveΣQave. The
mass parameter µ is changed from 1GeV to 100GeV.
attractive potential.
This classification is explained by the light cloud spin
structure in Eqs.(22)-(25). The light cloud spin of spin
3/2 singlet and spin (1/2, 3/2, 5/2) triplet is [q[d]1]3/2
and that of spin 1/2 singlet and spin (1/2, 3/2) doublet
is [q[d]1]1/2. Because the pion exchange interaction
3 is
coupled to the light quark spin, the difference of the at-
tractive multiplet comes from the difference of the light
cloud spin structure. Moreover, we find the degeneracy
of HQS singlet and triplet (singlet and doublet) in the
case of g = +0.59 (−0.59). It is a natural result be-
cause the OPEP does not depend on the heavy quark
spin structure.
In the heavy quark limit, four (three) bound states ex-
ist for g = +0.59 (−0.59). However, the heavy quark
symmetry is broken for real charm / bottom hadrons, so
that all four (three) bound states may not exist in reality
as demonstrated in Sec. IV. But we expect that there ex-
ist some HQS partners of Pc like pentaquarks. Especially,
for bottom sector, the structure of HQS multiplet is more
clearly than for charm sector, because the realization of
the heavy quark symmetry is better. We expect the ob-
servation of the bottom pentaquarks to confirm the HQS
3 We do not consider the tensor force in this study, but it is also
determined by the light cloud spin structure. Not only the pion
interaction, but also the other light meson interactions depend
on the light cloud spin.
FIG. 6. Energies obtained with heavy quark spin symme-
try breaking for Λ = 1000 MeV (the upper figure) and 1500
MeV (the lower figure) with g = −0.59. These energies are
measured from P¯ΣQ threshold. The purple solid and light
blue dashed curves are the energies of spin (1/2, 3/2) doublet
states and the green dotted curve is that of spin 1/2 singlet
state. For the sake of reference, we show the result for the
case of keeping the heavy quark spin symmetry by the red
dashed-dotted-dotted curve.
multiplet structure of them.
The discussion in the LCS basis can be compared to the
quark model calculations, treating the constituent quarks
as degrees of freedom of the system. In Refs. [34, 38], the
short-range interaction in the Pc pentaquarks are stud-
ied, which is derived based on the quark cluster model.
The contributions from the color magnetic interaction of
cc¯uud are evaluated, and they find that the cc¯uud con-
figurations having the other spin j = 3/2 are important
to produce an attraction. On the other hand, the con-
8figurations with j = 1/2 give a repulsion. In this study,
we also obtain that the states with j = 1/2 and j = 3/2
have a different role as shown in Eqs. (27), (29) and (31),
namely one is attractive and the other one is repulsive.
Thus, we find that a role of the interaction is character-
ized by the light cloud spin in both of the quark model
and the hadronic molecular model. It indicates that the
discussion of the HQS multiplet structure can be ap-
plied not only to the molecules, but also to the compact
multiquark states. In Ref. [38], the cc¯uud potential for
JP = 3/2− with (S, j) = (1, 3/2) is stronger than that
with (S, j) = (0, 3/2). This behavior also agrees with our
results.
Focusing on the light cloud spin structure, there are
constraints of the S-wave decay channel of the spin 3/2
HQS singlet and spin (1/2, 3/2, 5/2) HQS triplet. Since
their light cloud spin is given by [q[d]1]3/2, they cannot
couple to the S-wave [QQ¯]N and P¯ (∗)ΛQ states. Here
[QQ¯], N and ΛQ denote the heavy quarkonium, spin 1/2
nucleon and HQS singlet heavy baryon like Λc, respec-
tively.
Due to the heavy quark spin symmetry, heavy quark
spin and light cloud spin are independently conserved.
Therefore, [q[d]1]3/2 having light cloud spin 3/2 does not
couple to the nucleon of spin 1/2. Moreover, [q[d]1]3/2
cannot construct the diquark spin 0 by the spin rear-
rangement. So, [q[d]1]3/2 cannot couple to ΛQ with di-
quark spin 0 as well. As a result, the S-wave decay chan-
nels to [QQ¯]N and P¯ (∗)ΛQ from spin 3/2 HQS singlet
and spin (1/2, 3/2, 5/2) HQS triplet are prohibited in the
heavy quark limit. There exist decay channels by the D-
wave decay, however we expect that they are small.
On the other hand, there are no constraint of S-wave
decay to [QQ¯]N and P¯ (∗)ΛQ for spin 1/2 HQS singlet and
spin (1/2, 3/2) HQS doublet which have the light cloud
spin of [q[d]1]1/2 in the view of heavy quark spin symme-
try. These restrictions are independent of the model and
derived only from heavy quark symmetry. The difference
in their S-wave decay channel restrictions should appear
in the decay branching ratio of QQ¯qqq pentaquark state.
We expect the measurement of the branching ratio to
[QQ¯]N and P¯ (∗)ΛQ to confirm the heavy quark symme-
try in Pc-like pentaquarks.
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